1. Introduction {#sec1}
===============

Obesity and type 2 diabetes constitute worldwide pandemics [@bib1], [@bib2]. Finding effective ways to prevent and treat these diseases is of major clinical and economic importance. The study of patients suffering from obesity and obese rodent models has shed light on the importance of the renin-angiotensin system (RAS) in the development of obesity [@bib3], [@bib4]. In particular, adipose tissue RAS has been found to be increased in this condition, along with adipose tissue hypoxia and inflammation [@bib5]. Those changes lead to compromised adipocyte function characterized by abnormal adipokine secretion and glucose and lipid metabolism, which together cause insulin resistance and increase the risk of developing type 2 diabetes [@bib5]. Indeed, overexpression of angiotensinogen (Agt) in rodents, specifically in adipose tissue, causes obesity and insulin resistance, while systemic suppression of RAS genes protects from high-fat diet (HFD) induces obesity and improves insulin sensitivity [@bib6]. In addition, clinical studies have shown that RAS inhibitors routinely used as anti-hypertensive treatments also improve insulin sensitivity and glucose homeostasis and prevent cardiovascular complications in diabetic patients [@bib5].

The prorenin/renin receptor \[(P)RR\] has been shown to be a component of the RAS where its main role is to produce a non-proteolytic activation of prorenin and increase the catalytic activity of renin to cleave Agt into angiotensin I (Ang I) [@bib7]. Ang I is then converted by the Ang converting enzyme to Ang II, the main physiologically active peptide of this system [@bib8]. Ang II, via activation of many pathways, promotes cell proliferation, fibrosis, and apoptosis, which could lead to obesity-related complications, such as type 2 diabetes [@bib9], [@bib10]. Simultaneously, binding of prorenin/renin to the (P)RR activates Ang II-independent pathways, including mitogen-activated protein kinases and tumor growth factor beta, which may also contributes to end-organ damage [@bib11]. Unfortunately, the RAS inhibitors currently used clinically all cause a compensatory increase in plasma renin concentrations and, as a result, may increase (P)RR Ang II-independent pathways as these drugs do not prevent renin from binding to the (P)RR [@bib12], [@bib13].

Independently of prorenin/renin binding, the (P)RR (also known as ATP6AP2) acts as a adapter to the cell membrane vacuolar proton pump H+-ATPase (V-ATPase), and consequently activates Wnt signaling [@bib11]. Given that this signaling cascade is implicated in embryogenesis, whole-body suppression of the (P)RR is lethal [@bib14], [@bib15]. Moreover, mice with specific (P)RR gene suppression in the heart or kidneys die at 2--4 weeks of age [@bib16], [@bib17].

Our previous results showed that obese mice and insulin resistant obese women have increased adipose tissue (P)RR expression [@bib18]. Furthermore, we demonstrated that systemic treatment of HFD-fed mice with the handle region peptide (HRP), a (P)RR blocker, reduces body weight gain and visceral fat masses and may improve insulin sensitivity [@bib18], similarly to what is observed in models of RAS gene suppression [@bib6]. The aim of the present study was to better understand the role of adipose tissue (P)RR in the metabolic effects induced by HRP treatment in the context of obesity using adipose tissue specific (P)RR KO mice.

2. Materials and methods {#sec2}
========================

2.1. Generation of adipose-tissue specific (P)RR KO mice {#sec2.1}
--------------------------------------------------------

To produce mice with the (P)RR gene deleted specifically in adipose tissue, mice expressing the Cre-recombinase specifically in adipose tissue under the control of the AP2 promoter (AP2-Cre^Salk^ mice; [@bib19], [@bib20]; \#005069, Jackson Lab) were bred with mice with loxP sites flanking the (P)RR exon 2 between locus 2271--2276 ((P)RR-Loxp mice; a generous gift from Merck Frosst Canada) ([Supplemental Figure 1](#appsec2){ref-type="fn"}). As the (P)RR gene is present on the X chromosome [@bib11], male mice were homozygous KOs while female mice were heterozygous KOs.

2.2. Animals {#sec2.2}
------------

Mice were placed in individual cages at 10 weeks of age and were maintained on a normal diet (ND; \#2918, Teklad Global, Harlan Laboratories, Madison, WI, USA) and 12-h light/dark cycle. Starting at 12 weeks of age, mice were maintained on the ND or switched to a HFD (Bio-Serv F3282, Frenchtown, NJ, USA) for 9 weeks. Mice had access to water and food *ad libitum*. Body weight and food intake were measured weekly from 12 to 17 weeks of age. Care of the mice used in these experiments complied with standards for the care and use of experimental animals set by the Canadian Council for the Protection of Animals, and all procedures were approved by the university\'s Animal Care and Use Committee at the CHUM Research Center.

2.3. Mouse genotyping {#sec2.3}
---------------------

Mouse genotypes were determined using genomic DNA from mouse tail snips extracted by hot-shot NaOH-EDTA protocol [@bib21], [@bib22]. PCR were then performed using specific primers (IDT IL, USA) detailed in [Supplementary Table 1](#appsec2){ref-type="fn"}. Each reaction contained 1 μl 10× buffer, 0.2 μl 10 mM dNTP, 0.1 μl of each primer, 6.4 μl of water, 0.5 μl Taq polymerase (Feldan, Bio-Basic, Markham, ON, Canada), and 2 μl of genomic DNA, as described previously [@bib23]. PCR products were subsequently analyzed on 1% or 3% agarose gels containing SYBR Green (Invitrogen by Life Technologies, Carlsbad, CA, USA).

2.4. Adipose tissue specificity of the KO model {#sec2.4}
-----------------------------------------------

The issue specificity of our KO model was confirmed by real-time PCR using the primers listed in [Supplementary Table 1](#appsec2){ref-type="fn"}. For this purpose, 12 week-old male mice were sacrificed, and different white adipose tissue depots (abdominal subcutaneous fat (SCF) and visceral fat (perigonadal fat (PGF) and perirenal fat (PRF)) were collected, weighed, flash frozen, and analyzed by real-time PCR. (P)RR gene expression was assessed in the different white adipose tissue depots as well as in other tissues such as, brown adipose tissue (BAT), heart, spleen, gonads, kidneys, submandibular gland, pancreas, liver, brain, adrenal glands, skeletal muscle, lung, diaphragm, and aorta.

2.5. Reverse transcription and qPCR gene expression {#sec2.5}
---------------------------------------------------

Tissue RNA was extracted using Trizol reagent (Invitrogen, Burlington, ON, Canada) according to the manufacturer\'s protocol. To remove genomic DNA, RNA samples were incubated with deoxyribonuclease I (2U per μg RNA) for 30 min at 37 °C. Single-stranded cDNA was synthesized by reverse-transcriptase reaction using SuperScript II Reverse Transcriptase (FisherScientific, Ottawa, ON, Canada). The RT-PCR final volume was 10 μl and contained 0.3 μmol/l of the specific forward (F) and reverse (R) primers [@bib24] listed in [Supplementary Table 1](#appsec2){ref-type="fn"}, as well as 2.5 μl of single-stranded cDNA template. The amplification was done using Faststart SYBR Green Master fluorescent dye (04 673 492 001; ROCHE, Mississauga, ON, Canada) using the Rotor Gene RG-3000 (Corbett Research).

2.6. Survival rate and fetal weight {#sec2.6}
-----------------------------------

We compared fetal weights in litters obtained from 8 pregnant mice (3--11 pups/litter), produced using the breeding protocol mentioned above, on the 17th day of gestation.

2.7. Body composition {#sec2.7}
---------------------

Fat and lean body masses were analyzed using an Echo-MRI-100TM apparatus (Echo Medical Systems, Houston Scientific, Houston, TX, USA) both at the beginning and at the end of the protocol (at 12 and 20 weeks of age, respectively).

2.8. Mouse locomotor activity and indirect calorimetry {#sec2.8}
------------------------------------------------------

Mouse locomotor activity and metabolic parameters were studied in metabolic cages at 18 weeks of age (AccuScan Instruments, Columbus, OH, USA), and data were analyzed according to Ferrannini et al., 1988 [@bib25]. After 3 days of acclimation, locomotor activity was evaluated by infrared beam interruptions by mouse movement in the horizontal and vertical axis, while metabolic parameters were assessed (oxygen consumption (VO~2~) and carbon dioxide production (vCO~2~)) for 24 h. Data were summarized for both the light and dark cycles [@bib26].

2.9. Oral glucose tolerance test (OGTT) {#sec2.9}
---------------------------------------

At 20 weeks of age, an OGTT was performed after overnight (16--17 h) fasting. Dextrose (Hospira, Inc. Lake Forest, Il, USA) was administered orally by gavage at a dose of 2 g/kg for ND-fed mice or 5 g/kg for HFD-fed mice [@bib27], [@bib28], [@bib29]. Blood was collected from the tail vein at baseline (T0) and 15, 30, 45, 60, and 120 min after gavage using a glucometer (Accu-Chek Performa, Roche, Indianapolis, IN, USA). Plasma was also collected at baseline (T0) and 30 min after gavage using glass capillaries (Precision, MO, USA), then transferred into BD vacutainer tube and separated by centrifugation (Becton, Dickenson, Mississauga, ON, Canada) for measurement of insulin and C-peptide levels, as described below.

2.10. Mouse necropsy and organ collection {#sec2.10}
-----------------------------------------

At the end of the protocol (21 weeks of age), mice were anesthetized, blood was collected by intrathoracic cardiac puncture using the anticoagulant EDTA. Plasma was then isolated by centrifugation and stored at −80 °C. White adipose tissue (SCF, PGF and PRF) and other organs (BAT, liver, pancreas, and skeletal muscle) were collected and weighed. All samples were flash frozen and kept at −80 °C until further analysis. Tibia was also collected and its length was measured using a caliper.

2.11. Circulating parameters {#sec2.11}
----------------------------

Plasma triglycerides (TG) and glycerol were measured using a Serum Triglyceride Determination Kit (Sigma, Oakville, Canada) following the manufacturer\'s protocol. Plasma insulin, C-peptide, adiponectin and leptin levels were measured using bead-based AlphaLISA immunoassay kits (Perkin Elmer, Waltham, MA) according to the manufacturer\'s instructions. Plasma renin activity was calculated by measuring Angiotensin I production by immunoassay kit (Diagnostic Biochem Canada, Dorchester, ON, Canada).

2.12. Tissue TG and glycerol content {#sec2.12}
------------------------------------

Frozen liver samples were powdered, and 40--60 mg were used for the assay. TGs were extracted by homogenization and incubation with 0.5 M KOH in ethanol for 20 min at 70 °C. Supernatant was separated with 0.15 M MgSO~4~ solution by centrifugation at 5000 rpm for 5 min. TGs were measured as described above for plasma TG. Glycerol and TG levels in skeletal muscle (soleus and plantaris combined) were measured as for the liver, with prior extraction in 20 mMol TRIS-HCL buffer containing protease inhibitors [@bib30], [@bib31].

2.13. Total pancreatic insulin content {#sec2.13}
--------------------------------------

Pancreatic insulin content was measured by extraction of frozen whole organ powder in acidic ethanol as described [@bib32]. Pancreatic acid--ethanol extracts were centrifuged at 3000 g for 15 min at 4 °C and supernatants were collected. After an additional centrifugation, pancreas insulin was measured as described above for insulin in plasma. Results were normalized by tissue weight.

2.14. Histology and immunohistochemistry {#sec2.14}
----------------------------------------

Adipose tissue was fixed in 10% formalin, embedded in paraffin, and sectioned using a microtome. Hematoxylin-Eosin stained slides were used for light microscopy. Embedding, sectioning, and staining were performed by the histology platform of the Research Institute in Immunology and Cancerology at the Université de Montréal. Adipocyte size was calculated in defined 2.33 × 1.73 μm square in 3 randomly selected digital photographic images taken for each fat pads per mouse under the 100× magnification using an Olympus 600 (MA, USA) light microscope and "Q-capture" software. Data were analyzed using Image-J software [@bib33], [@bib34]. A subset of samples was deparaffinized, using 3 consecutive incubations in xylene for 5 min, and then rehydrated with 95% ethanol for 5 min. Slides were then heated in a microwave for 10 min in 10 mmol/L sodium citrate (pH 6.0) for antigen retrieval, incubated with 3% hydrogen peroxide for 20 min, blocked with 5% BSA (Roche Diagnostics, Germany) in 1.0 ml PBS for 30 min at room temperature (RT), and then incubated with goat anti-(P)RR antibody (\#SAB2500134, Sigma Aldrich, Missouri, USA) at a 1:25 dilution in 1% BSA for 2 h at room temperature (RT). Finally, we used Alexa Fluorescent 555-Donkey anti-goat IgG (\#AB150134, Life Technology, NY, USA) at a 1:200 dilution in 1% BSA for 1 h at RT. Signals were observed using an immunoluminescence microscope (Nikon eclipse TE2000-5) [@bib35] and were digitalized using a QICAM imaging system.

2.15. Statistical analysis {#sec2.15}
--------------------------

All data are presented as mean ± standard error (SE). Differences between the groups for single measurements were evaluated by *t*-test. Two-way repeated measure ANOVA was used for analysis when comparing groups and different time points. When a significant interaction was detected, a Tukey post-hoc analysis was performed. Data were considered to be statistically significant when p \< 0.05.

3. Results {#sec3}
==========

3.1. Validation of AP2-Cre/(P)RR flox KO specificity {#sec3.1}
----------------------------------------------------

(P)RR gene deletion was first analyzed by real-time PCR in complete KO and WT ND-fed male mice in the various adipose depots and additional tissues ([Supplemental Figure 2a and b](#appsec2){ref-type="fn"}). We found that the (P)RR gene expression was significantly decreased in KO mice compared to WT mice in all white adipose tissue: PGF (37%), PRF (49%) and SCF (51%) ([Supplemental Figure 2a](#appsec2){ref-type="fn"}). Conversely, no differences were observed in BAT or in any other tissues studied ([Supplemental Figure 2a and b](#appsec2){ref-type="fn"}). These results confirmed the tissue specificity of our KO model. The adipocyte specificity was then validated using immunofluorescent staining of histological sections. Indeed, both male and female KO mice had reduced fluorescent signals (close to no signal in males) in adipocyte membranes of all white adipose tissue analyzed compared to WT ([Supplementary Figure 3](#appsec2){ref-type="fn"}).

3.2. Male KO mouse survival rate is lower compared to females during development {#sec3.2}
--------------------------------------------------------------------------------

The litter size was assessed in 8 ND-fed dams at day 17 of gestation. We found significantly more female than male pups (66.2± 3.7% vs 33.8± 3.7%), suggesting that complete deletion of the (P)RR gene in adipose tissue can induce some lethality during embryogenesis. However, despite the reduced number of male pups per litter, male fetal body weights were, in accordance with the literature, in general 2--7% heavier than female pups without any effect of genotype ([Supplementary Table 2](#appsec2){ref-type="fn"}) [@bib36].

3.3. Adult KO mice weigh significantly less than WT mice {#sec3.3}
--------------------------------------------------------

Despite a similar food intake ([Supplementary Table 3](#appsec2){ref-type="fn"}), both male and female adult KO mice weighed significantly less than their WT littermates ([Figure 1](#fig1){ref-type="fig"}A and B). Indeed, body weight was 23% lower in males on ND and 10% lower in females on both ND and HDF diet at 17 weeks of age ([Figure 1](#fig1){ref-type="fig"}B and C). No other visible physical differences could be observed between the KO and WT groups.

3.4. Adult KO male mice are smaller than WT mice {#sec3.4}
------------------------------------------------

We next investigated whether the (P)RR gene deletion might impact their growth at 21 weeks of age. First we compared mouse size and found that the tibia length of male KOs was 3% shorter than those of WT littermates ([Supplementary Table 5](#appsec2){ref-type="fn"}). Next, we compared different organ weights and found that male KO mice had significantly lower liver weight expressed as a ratio to tibia length (13%) compared to WT, while heart weight was not different ([Supplementary Table 5](#appsec2){ref-type="fn"}). Conversely, no differences in tibia length and organ weight could be observed in female mice on either ND or HFD ([Supplementary Table 5](#appsec2){ref-type="fn"}).

3.5. Leaner body composition of adult male KO mice {#sec3.5}
--------------------------------------------------

ND-fed male KO mice were found to have significantly lower fat mass normalized to body weight at the beginning (37%; 12 weeks of age) and at the end (54%; 21 weeks of age) of the experiment compared to WT littermates as assessed by EchoMRI ([Figure 1](#fig1){ref-type="fig"}D). We also found that lean body mass in ND-fed male KO mice was increased by 5% and 11% at the beginning and end of experiment respectively ([Figure 1](#fig1){ref-type="fig"}G). Conversely, no differences in total fat and lean body masses were observed in female mice, either on ND or HFD ([Figure 1](#fig1){ref-type="fig"}E, F, H, I).

3.6. Adult KO mice have lighter fat pad masses than WT mice {#sec3.6}
-----------------------------------------------------------

All fat pad masses were found to be significantly lower (32--53%) in male KO mice compared to WT mice fed ND at 21 weeks of age ([Figure 2](#fig2){ref-type="fig"}A). ND-fed female KO mice presented with a significant decrease in SCF (32%) and BAT (21%) weight, whereas PRF tended to be smaller (*p* = 0.073) but without reaching significance while PGF was unchanged ([Figure 2](#fig2){ref-type="fig"}A). HFD-fed KO female mice showed no significant decrease in any of the fat pad masses compared to WT ([Figure 2](#fig2){ref-type="fig"}A).

3.7. Adipocytes are smaller in adult male KO mice compared to WT {#sec3.7}
----------------------------------------------------------------

Interestingly, adipose tissue histology demonstrated that adipocytes from visceral fat pads of male KO were significantly smaller in size (40--47%) compared to those from male WT while only a trend was observed in adipocytes from SCF fat pads (*p* = 0.097) ([Figure 2](#fig2){ref-type="fig"}B and C). In contrast, no significant differences in adipocyte size were observed in all fat pads from female KO mice compared to WT fed either diet ([Supplementary Table 4](#appsec2){ref-type="fn"}). As expected, female WT and KO mice fed a HFD had larger adipocytes compared to ND ([Supplementary Table 4](#appsec2){ref-type="fn"}).

3.8. KO mice display greater locomotor activity and metabolic rate {#sec3.8}
------------------------------------------------------------------

Both male and female KO mice fed a ND were significantly more active during their active period (dark cycle), males by 37% and females by 24%, compared to WT mice as a result of increased horizontal activity ([Figure 3](#fig3){ref-type="fig"}A and D), while there was no change in vertical activity ([Supplementary Table 6](#appsec2){ref-type="fn"}). In contrast, we observed no changes in physical activity during their inactive period (light cycle) ([Figure 3](#fig3){ref-type="fig"}A,D). In addition, the changes in physical activity observed in male KOs were associated with a significant increase in oxygen consumption (25 and 27%) and in carbon dioxide production (22 and 26%) during the both the dark and light cycles ([Figure 3](#fig3){ref-type="fig"}B and C). Conversely, these parameters were unchanged in female mice ([Figure 3](#fig3){ref-type="fig"}E and F).

3.9. "Beiging" of adipose tissue may occur in KO mice {#sec3.9}
-----------------------------------------------------

"Beiging" is the presence of brown-like adipocytes within white adipose tissue; these brown-like adipocytes are characterized by increased mitochondrial density and small lipid droplets [@bib37]. In male KO mice compared to WT littermates, the mRNA expression of *Prdm16*, a marker of "beiging", was increased by 151% in PRF and decreased by 70% in SCF while it was unchanged in PGF ([Figure 4](#fig4){ref-type="fig"}A). *Prdm16* mRNA expression was similar in all fat pads in female mice fed either ND or HFD ([Figure 4](#fig4){ref-type="fig"}B).

3.10. KO mice have improved insulin sensitivity compared to WT {#sec3.10}
--------------------------------------------------------------

Since (P)RR KO mice are leaner, we hypothesized that they might have improved glucose tolerance and insulin sensitivity. We therefore performed an OGTT, and surprisingly, KO mice had similar glucose tolerance in response to an oral bolus of glucose ([Figure 5](#fig5){ref-type="fig"}A--C). However, male KO mice had markedly lower plasma insulin and C-peptide levels compared to their WT littermates, both at baseline and 30 min after gavage (40--45% and 29--51%, respectively) ([Figure 5](#fig5){ref-type="fig"}D and G), indicative of improved insulin sensitivity. Similar observations could be made in HFD-fed female KO mice ([Figure 5](#fig5){ref-type="fig"}C,F and I). However, no changes in glucose tolerance, plasma insulin or C-peptide levels could be observed in ND-fed female KO mice ([Figure 5](#fig5){ref-type="fig"} B, E, H). Given that the insulin/C-peptide ratios were comparable in all groups ([Supplementary Table 7](#appsec2){ref-type="fn"}), this strongly suggests that (P)RR deletion in adipose tissue does not affect pancreatic insulin secretion. This is further supported by the fact that total pancreas insulin content was similar between KO and WT mice fed either diets ([Supplementary Table 8](#appsec2){ref-type="fn"}).

3.11. KO mice have different circulating adipokine levels compared to WT {#sec3.11}
------------------------------------------------------------------------

As expected given their important decrease in total fat masses ([Figure 1](#fig1){ref-type="fig"}D), leptin levels were significantly lower (3-fold) in male KO mice compared to WT males ([Table 1](#tbl1){ref-type="table"}). While no differences could be observed between female KO and WT mice fed either ND or HFD, plasma leptin levels were increased by HFD as expected. Interestingly, we found that circulating adiponectin levels were significantly 1.5-fold higher in male KO mice and 1.4-fold higher in ND and HFD-fed female KO mice compared to their WT littermates ([Table 1](#tbl1){ref-type="table"}), which correlates with the improved insulin sensitivity observed during the OGTT.

3.12. Adipose tissue specific (P)RR deletion does not affect circulating lipid levels {#sec3.12}
-------------------------------------------------------------------------------------

Since KO mice presented with lower total fat mass compared to WT mice, we evaluated whether this translated to altered plasma TG levels. However, plasma TG levels were similar in all KO and WT mice ([Table 1](#tbl1){ref-type="table"}).

3.13. KO mice have decreased TG content only in skeletal muscles {#sec3.13}
----------------------------------------------------------------

After adipose tissue, liver and skeletal muscles are two major lipid storage sites [@bib38]. Thus, we verified if (P)RR deletion led to an aberrant storage of lipids in these tissues given their reduced adipose tissue weights. We found that liver TG content was similar between KO and WT mice in both males and females ([Supplementary Table 8](#appsec2){ref-type="fn"}). In contrast, KO male mice were found to have lower skeletal muscle glycerol (25%) and TG content (61%), compared to WT males fed a ND while no differences could be observed in females fed either diets ([Supplementary Table 8](#appsec2){ref-type="fn"}).

3.14. Adipose tissue specific (P)RR deletion does not affect plasma renin activity {#sec3.14}
----------------------------------------------------------------------------------

We found no differences in plasma renin activity between WT and KO mice ([Table 1](#tbl1){ref-type="table"}), demonstrating that the (P)RR KO in adipose tissue does not affect circulating RAS activity and as such, systemic RAS modulation did not contribute to the phenotypes observed in KO mice.

4. Discussion {#sec4}
=============

To study the role of adipose tissue (P)RR gene deletion on energy balance, we generated adipose tissue specific KO animals by Cre-loxP technology and confirmed the specificity of the model by evaluating (P)RR expression in different tissues as well as adipocyte specific protein expression in all adipose tissues studied. The rate of gene deletion observed are in line with previous studies which have shown that the AP2-Cre^Salk^ mice generated a 50--80% labeling when breeding with a fluorescent reporter gene line [@bib19]. This moderate deletion, however, allows us to make a better link between the phenotypes observed and the effects of the (P)RR gene. [Figure 6](#fig6){ref-type="fig"} summarizes the metabolic alterations induced by adipose tissue (P)RR deletion. Interestingly, both male and female adipose tissue specific (P)RR KO mice had decreased body weights, which were associated with decreased fat masses without any change in food intake. As this phenotype was less pronounced in female mice, given that they are hemizygous KO, total fat mass and adipocyte size were decreased significantly only in male mice. Importantly, this did not result in increased circulating or liver lipid levels but was associated with reduced skeletal muscle TG content but only in male mice. This leaner phenotype could be caused in part by the increased locomotor activity observed in both male and female KO mice during their active period. Furthermore, the more accentuated phenotype observed in males may result from an increase in basal metabolic rate shown by the elevated O~2~ consumption and CO~2~ production both during their active and inactive period while locomotor activity is unchanged during their inactive period.

It is know well known that the (P)RR has both Ang II-dependent (by increasing prorenin and renin catalytic activity and therefore Ang II production) and Ang II-independent effects (by its intracellular signaling and adapter function to the V-ATPase). Of note, a decrease in (P)RR expression leads to a decrease in Ang II production while KOs of other components of the RAS (such as Agt KO) totally abrogate Ang II production. Our observations are in line with adipose tissue and systemic KOs of different components of the RAS and various RAS pharmacological inhibitors studied in rodents which reported decreased body weight and fat masses. In addition, although it has not been evaluated with RAS inhibitors, our data are similar to RAS KOs, which also present with increased physical activity and basal metabolic rate [@bib6]. In line with this literature, overexpression of Agt specifically in adipose tissue produces an increase in weight gain along with a decrease in physical activity [@bib6]. In contrast, adipose tissue-specific Agt KO mouse models do not have any metabolic alterations [@bib39], [@bib40] although this may result from the uptake of circulating Agt or Ang II into the adipose tissue, which would compensate for the local deletion. Given that our deletion of the (P)RR gene induces similar but not identical changes in body weight compared to other RAS-KO mouse models (where Ang II production is abrogated), our results strongly suggest that the (P)RR KO effects results from both Ang II-dependent and -independent signaling.

Adipose tissue-specific modulation of the RAS can directly affect fat mass development. Indeed, it has been shown that Ang II can favor adipogenesis and lipogenesis through the activation of the AT2R and inhibits lipolysis through its binding to the AT1R, therefore promoting lipid accumulation [@bib41]. As such, by decreasing the expression of adipose tissue (P)RR, we may have caused a decrease in renin and prorenin catalytic activity, leading to a reduction in Ang II production, which consequently lowered lipid accumulation, as observed in our model. In addition to the reduction in fat mass, we are the first group, to our knowledge, to show that a reduction in (P)RR expression in adipose tissue can contribute to the browning of white adipose tissue, which is functionally reflected by the increased resting and active metabolic rate of our male KO animals in addition to the elevation in PRDM16 expression in visceral fat pads. Furthermore, the higher lean body mass observed in male KO mice may also contribute to this elevated metabolic rate. Indeed, the 29% higher total lean mass observed in these mice may result from an increased muscle mass due to their elevated locomotor activity, and increased muscle mass is typically associated with an increased metabolic rate [@bib42]. In addition, this increased basal metabolic rate may be caused in part by white adipose beiging, which is suggested by the observed increase in Prdm16 in our study. These results are in line with previous results obtained by our group in which systemic (P)RR inhibitor administration caused an increase in the expression of 'beiging' markers in white adipose tissue potentially through the activation of PPARγ ([Figure 6](#fig6){ref-type="fig"}) [@bib43]. It also confirms the implication of the RAS in the regulation of thermogenesis initially demonstrated by Takahashi et al. in which whole body renin KO mice demonstrated elevated metabolic rate associated with an increased expression of uncoupling protein 1 in adipose tissues and, as a result, increased thermogenesis [@bib44]. Interestingly, beiging of white adipose tissue has not been observed in other RAS KO models. As such, the observations in the renin KO mice may result from a link with the (P)RR.

In addition to the smaller fat mass, lack of (P)RR leads to a "healthier" adipose tissue structure. Indeed, larger adipocyte size has been linked with insulin resistance and development of obesity in humans and animal models [@bib45]. Also, increased Ang II has been associated with increased adipocyte size and number, which would contribute to the development of obesity [@bib46], [@bib47], [@bib48]. In line with these data, many RAS KO animals have been reported to have smaller adipocytes [@bib44], [@bib49], [@bib50]. Hence, the smaller adipocyte size observed in our male KO mice may result from reduced Ang II production given the absence of the (P)RR. However, this decreased adipocyte size was not observed in our female KO mice, not even in those fed a HFD. Thus, this may explain why differences in insulin responses and fat pad size are more pronounced in male compared to female KO mice.

In line with the 'healthier' adipose tissue structure, our data suggest that (P)RR KO mice (males fed a ND and females fed a HFD) have better insulin sensitivity than WT mice. Indeed, although we observe no change in the glucose tolerance during an OGTT, circulating insulin concentrations were reduced. The reduced fat mass, increased lean body mass, and plasma adiponectin levels found in the KO mice might have contributed to the increased insulin sensitivity. Interestingly, although we found no modification in many parameters, for instance fat mass and glucose homeostasis, nonetheless, in female mice fed a ND, we observed a modification in circulating adiponectin. This suggests that the change may be an initiating factor in the modulation of glucose homeostasis by (P)RR that precedes the significant changes in fat pad mass. Furthermore, this is in line with our recent publication which reported that systemic HRP administration to HFD fed mice can improve circulating adiponectin concentration. This is also in agreement with previous publications showing that Ang II decreases adiponectin gene expression and plasma levels, whereas RAS inhibitors increase plasma adiponectin levels [@bib51], [@bib52]. However, in other RAS suppression models, both glucose and insulin levels were decreased to produce an improved glucose homeostasis [@bib42], [@bib44], [@bib49], [@bib50], [@bib53]. More recently, Wu et al. reported that adipose tissue (P)RR KO mice have no change in glucose tolerance when fed a ND but show increased plasma insulin levels [@bib54]. This change in insulin levels, which is different from our observations, could be attributed in part to the severe lipodystrophy and liver steatosis present in their model, leading to a decrease in insulin clearance [@bib54], [@bib55]. Indeed, by using the adiponectin-Cre, known for its high efficiency in gene deletion and robust adipose-tissue specificity [@bib19], Wu et al. demonstrate the effect of a more severe (80% decrease) (P)RR deletion while our model shows a dose-dependent effect (as differences in phenotypes can be observed between the hemizygous KO females and the homozygous KO males) induced by a milder (between 30 and 50%, respectively) decrease in (P)RR gene expression as we used the AP2-Cre mouse. These levels of deletion are in line with a previous study, which demonstrated that the AP2-Cre^Salk^ mice generated a 50--80% labeling when breeding with a fluorescent reporter gene line while the Adiponectin-Cre generated a near 100% recombination [@bib19].

In line with the developmental defects associated with (P)RR KOs described in the literature [@bib14], [@bib15], we found that adipose-tissue specific (P)RR deletion led to a 50% reduction in the expected number of KO male pups born. Given that this effect has not been reported in adipose-specific RAS KO models, we propose that Ang II-independent effects mediated by the (P)RR may play a role in fetal development, due to its association with V-ATPase and its concomitant regulation of the Wnt-signaling cascade. Moreover, in addition to their lower adiposity, we have shown that male KO mice are markedly shorter and have reduced liver weight, despite a similar food intake, compared to WT male mice. We did not observe such differences in hemizygous female (P)RR KO mice possibly because the gene deficiency is only partial.

Interestingly, the data presented here are very much in line with those previously published by our group which have shown that the administration of HRP, a (P)RR blocker, to mice fed a HFD also reduces body weight gain through decreased fat mass and seems to improve insulin sensitivity by improving adiponectin profile [@bib18]. Taken together, our results suggest that adipose tissue (P)RR is involved in the development of obesity and its associated complications. Indeed, suppression of the (P)RR specifically in adipose tissue produced a clear phenotype of reduced body weight and fat masses as well as improved adipose tissue structure and insulin sensitivity. This indicates that adipose tissue (P)RR may be an important target for the development of new drugs for the treatment of obesity and type 2 diabetes. For instance, a more effective approach for the treatment of diabetes and its complications could be to combine the classical RAS inhibitors with a (P)RR blocker such as the HRP. This would block the Ang II-independent pathways, further reduce Ang II-dependent pathways, and prevent associated end-organ damage. However, in line with the study from Wu et al., it would be of the upmost importance to carefully monitor the downregulation of the (P)RR activity to prevent lipodystrophy and the concomitant liver steatosis.
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![**Adipose tissue (P)RR gene deletion decreases body weight and alters body composition in male mice**. Body weight in male mice on ND (A) and female mice on ND (B) and HFD (C) at the beginning (12 weeks), middle (15 weeks) and end (17 weeks) of the diet period. Fat mass and lean mass in male mice on ND (D, G) and in female mice on ND (E and H) and HFD (F and I) at 12 (basal) and 20 (final) weeks of age. Data are presented as mean ± SE with *n* = 6--21. \*p \< 0.05 and †p \< 0.01 compared to WT. HFD, high-fat diet; KO, knock-out; ND, normal diet; WT, wild-type.](gr1){#fig1}

![**Adipose tissue (P)RR gene deletion decreases fat pad weight in male and female mice on ND and visceral adipocyte size in male mice**. Weight of different fat pads in male and female mice fed ND and female mice fed HFD (A). Representative histological sections of visceral and subcutaneous fat pads stained with Hematoxylin-Eosin (scale bar = 10 μm, magnification = ×100) (B). Quantification of mean adipocyte size from histological sections (C). Data are presented as mean ± SE with *n* = 7--16. \*p \< 0.05 and †p \< 0.01 compared to WT. BAT, brown adipose tissue; HFD, high-fat diet; KO, knock-out; ND, normal diet; PGF, perigonadal fat; PRF, perirenal fat; SCF, abdominal subcutaneous fat; WT, wild-type.](gr2){#fig2}

![**Adipose tissue (P)RR gene deletion increases energy expenditure in male mice**. Locomotor activity and metabolic rate (depicted as O~2~ consumption and CO~2~ production) in male (A, B and C) and female (D, E, and F) mice in light (inactive) and dark (active) cycles. Data are presented as mean ± SE with *n* = 6--11 per group. \*p \< 0.05 and †p \< 0.01 compared to WT. BB, beam break; HACT, horizontal activity; VCO~2~, carbon dioxide production; VO~2~, oxygen consumption; KO, knock-out; WT, wild-type.](gr3){#fig3}

![**Adipose tissue (P)RR gene deletion increases a marker of ″beiging″ in PRF of male mice**. PRDM16 mRNA levels in adipose tissue of male (A) and female (B) mice fed ND. Data are normalized to s16 mRNA levels and are presented as mean ± SE with *n* = 4--10 per group. \*p \< 0.05 compared to WT. KO, knock-out; PGF, perigonadal fat; PRDM16, PR domain containing 16; PRF, perirenal fat; SCF, abdominal subcutaneous fat; WT, wild-type.](gr4){#fig4}

![**Adipose tissue (P)RR gene deletion leads to increased insulin sensitivity in male mice**. Plasma glucose levels during an OGTT (A, B, C). Basal and stimulated plasma insulin (D, E, F) and C-peptide (G, H, I) levels. Data are presented as mean ± SE with *n* = 9--14 per group. \*p \< 0.05 and †p \< 0.01 compared to WT. HFD, high-fat diet; KO, knock-out; ND, normal diet; WT, wild-type.](gr5){#fig5}

![**Summary of the metabolic alterations induced by adipose tissue (P)RR gene deletion**. Dashed arrows indicate potential mechanism. The **♀** symbol alone is used when the effect is observed in female mice on either ND or HFD. When the effect is different, the signs **♀-**ND and ♀-HFD are used.](gr6){#fig6}

###### 

Effect of adipose tissue (P)RR gene deletion on circulating parameters.

Table 1

  Gender                  Male           Female                                                         
  ----------------------- -------------- --------------- -------------- -------------- ---------------- ----------------
  PRA (ng Ang/mL/h)       25.4 ± 3.0     21 ± 4.1        40.8 ± 6.7     39.0 ± 6.3     40.7 ± 11.4      37.1 ± 10.7
  Leptin (ng/mL)          30.35 ± 6.55   10.26 ± 3.07†   10.17 ± 1.77   11.25 ± 2.07   131.89 ± 25.82   121.07 ± 20.61
  Adiponectin (pg/mL)     1.98 ± 0.08    2.92 ± 0.13†    1.42 ± 0.05    1.82 ± 0.05†   1.07 ± 0.10      1.46 ± 0.05†
  Triglycerides (mg/mL)   7.82 ± 1.71    7.82 ± 1.71     3.74 ± 0.43    2.73 ± 0.37    3.54 ± 0.47      4.62 ± 0.75

Data are presented as mean ± SE with *n* = 8--15 per group. †p \< 0.01 compared to WT. HFD, high-fat diet; KO, knock-out; ND, normal diet; PRA, plasma renin activity; (P)RR, (pro)renin receptor; WT, wild-type.
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